to display male-typical copulatory behavior. Since both this propensity and AVT abundance are controlled by androgens, we compared testosterone-implanted and control animals within each group. Testosterone treatment generally increased AVT abundance, except in lab-reared parthenoforms, in which testosterone treatment was the least effective in inducing male-like copulatory behavior. Copyright © 2007 S. Karger AG, Basel Arginine vasotocin (AVT) and its mammalian counterpart vasopressin (AVP) function in a range of maletypical behaviors in vertebrates, including aggression and courtship. In many species these sexually dimorphic behaviors correlate with the abundance of AVT/AVP neurons in various brain areas (Goodson and Bass, 2001; Panzica et al., 2001; Aragona and Wang, 2004) . Administration of AVT to male roughskin newts (Taricha granulosa) enhances courtship behaviors (Moore and Miller, 1983) and males have greater numbers of AVT immunoreactive (AVT-ir) cells than do females in the bed nucleus of the stria terminalis (BNST), amygdala (AMYG), and the preoptic area (POA), all areas that are involved in regulating male-specific behaviors in this species (Moore et al., 2000) ; AVT also induces male-typical mounting behaviors in ovariectomized female newts, but only when given in conjunction with testosterone treatment (Thompson and Moore, 2003) . In cricket frogs (Acris crepitans) , males that are calling to attract females release
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more AVT, and thus have less AVT-immunoreactivity than non-calling satellite males (Marler et al., 1999) . This difference in AVT release is thought to be responsible for the dual mating strategies utilized by this species, and is dependent at least in part on differences in testosterone levels between the two male morphs (Houck and Woodley, 1995) . Male bullfrogs (Rana catesbeiana) also have a greater density of AVT-ir cells and fibers in the AMYG and the habenular nucleus than do female bullfrogs (Boyd et al., 1992) , and castration decreases the amount of AVT in several brain regions, indicating that steroid hormones are important for maintenance of AVT concentrations (Boyd, 1994a) . Thus, it is clear that testosterone is necessary for the initiation and continuation of calling behavior and appears to influence and be influenced by AVT to activate these behaviors (Wilczynski et al., 2005) . In the Japanese quail (Coturnix japonica) mounting behavior is exhibited only by males and is dependent upon androgen. This sexual dimorphism in behavior is paralleled by differences in AVT containing neurons and fibers with male quail showing a dense steroid-sensitive network of AVT-ir cell bodies and fibers in the preoptic area, BNST and the lateral septum (Panzica et al., 1998 (Panzica et al., , 2001 .
Whiptail lizards (genus Cnemidophorus ) afford a means to investigate the evolution of neuroendocrine mechanisms controlling sex-typical behaviors because a direct ancestor-descendant phylogeny is present. Approximately one-third of extant whiptail lizard species are all-female (parthenogenetic) species that resulted from hybrid unions of sexual species (Wright, 1993) . For example, the parthenogenetic desert-grasslands whiptail (Cnemidophorus uniparens) descended from an initial hybridization event between two sexually reproducing species, the rusty rumped whiptail (Cnemidophorus burti) and the little striped whiptail (Cnemidophorus inornatus) and a subsequent back cross of the diploid parthenoform with C. inornatus (Wright, 1993) . Consequently, two-thirds of the triploid genome of the descendant parthenogenetic species is derived from C. inornatus , the maternal ancestral species.
In C. inornatus the males display a genus-typical courtship and mating posture, while females only exhibit receptive behavior that is restricted to the preovulatory stage of ovarian activity. In C. uniparens each individual displays both male-like mounting and female-like receptivity depending upon ovarian state (Crews, 2005) . This display of male-like mounting behavior in the absence of circulating androgens challenges various assumptions about the relationship between hormones, brain, and behavior. Neither female C. inornatus nor C. uniparens secrete androgens (Moore et al., 1985; Moore and Crews, 1986) , although treatment with exogenous androgen will reliably stimulate robust mounting behavior in both (Lindzey and Crews, 1986; Wade et al., 1993) .
As in all vertebrate species studied to date, lesion and intrahypothalamic steroid hormone implantation studies reveal the preoptic area (POA) and anterior hypothalamus (AH) to be important areas for the display of mounting behaviors in both the sexual and the unisexual species of whiptail lizards (reviewed in Crews, 2005) . Further, the POA and AH exhibit increased metabolic activity during mounting and pseudocopulatory behavior in the sexual and unisexual species, respectively (Rand and Crews, 1994) . The POA/AH is larger in male C. inornatus than in female C. inornatus , a sexual dimorphism regulated by testosterone in males (Crews et al., 1990) . However, the POA/AH of the parthenogenetic C. uniparens resembles that of the female C. inornatus in both volume and soma area and does not change after ovulation, when the malelike pseudocopulatory behavior is exhibited (Crews et al., 1990; Crews, 1991, 1992) . Importantly, treatment with exogenous androgen does not change the size of the POA/AH in either female C. inornatus or C. uniparens even though it completely changes the nature and frequency of behavior exhibited (Crews, 2005) .
Although only female-like individuals exist normally in the parthenogenetic species, it is possible to create male-like individuals (called viragos) by treating C. uniparens eggs early in development with aromatase inhibitor (Wibbels and Crews, 1994; Wennstrom and Crews 1995) . These animals have testes, active renal sex segments (an accessory sex structure homologous to the seminal vesicles), high circulating concentrations of androgens, produce motile sperm, and only display male-typical sexual behavior. However, the virago does not exhibit an enlarged POA/AH as do males of the ancestral species (Wennstrom et al., 1999) . The virago also does not show another sexually dimorphic response characteristic of the ancestral sexual species, namely, upregulation of progesterone receptor in the ventromedial hypothalamus in response to exogenous estrogen (Wennstrom et al., 2003) .
Based on the established involvement of AVT in mounting behavior in a variety of vertebrates we predicted that this hormone would exhibit a pattern of expression correlating with the display of male-like behavior, i.e., be greater in those animals in which male-like behavior was induced by androgens. The purpose of this experiment was to establish the distribution and abundance of AVT neurons in the brain of (a) adult male and female C. inornatus and (b) adult virago and normal C. uniparens that had been manipulated as eggs. To evaluate the role of testosterone in the regulation of AVT abundance, all animals were gonadectomized and implanted with either a blank silastic capsule or one containing testosterone. It was further predicted that testosterone would increase the abundance of AVT-ir neurons in the POA, AH, and the BNST. Our results indicate this to be the case.
Materials and Methods

Animals
Adult C. inornatus were captured in West Texas, transported to the laboratory at the University of Texas, Austin, and grouphoused in glass terraria until the initiation of the experiment (as described in Gustafson and Crews, 1981) . Adult C. uniparens were captured in Arizona or New Mexico and housed in the same manner, while another group was raised from eggs that were laid in the laboratory. In the latter instance, eggs (average of 2-3 eggs in a clutch) were placed individually in plastic cups containing a 1: 1 sand/water mixture. Eggs from each of the clutches were treated with 1 l of either absolute ethanol or the same volume of ethanol containing 1 g of the aromatase inhibitor (AI) CGS 16949A (fadrozole) seven days after oviposition. All treatments were on the eggshell surface (Wibbels and Crews, 1994; Wennstrom and Crews, 1995) . This AI treatment produces individuals who lack female sexual characteristics, but have testes, produce sperm, and mount receptive females; these phenotypically male C. uniparens individuals are hereafter referred to as viragos and the ethanoltreated parthenogens as parthenoforms. Hatchlings were individually housed and allowed to grow to maturity, as described in Wennstrom and Crews (1995) .
Treatment and Tissue Fixation
Twenty-seven adult C. inornatus (13 females and 14 males, all field-caught), and 34 adult C. uniparens (16 field-caught parthenogens, 10 ethanol-treated parthenoforms, and 8 virago C. uniparens ) were gonadectomized and implanted with 10 mm silastic implants (blank or testosterone, o.d. 1.96, i.d. 1.47 mm, Helix Medical inc, Carpinteria, CA). This length of implant has been found to produce physiological concentrations of circulating testosterone in male C. inornatus (Lindzey and Crews, 1986) .
After six weeks, animals were tested with an estrogen primed receptive female to assess mounting behavior. Each testosteroneimplanted animal was yoked to a blank-implanted animal, to control for differences in mount latencies. After all of the animals implanted with testosterone had mounted, they and the corresponding blank-implanted animals were sacrificed by rapid decapitation and heads were put in 4% paraformaldehyde overnight at 4 ° C. The next day, the brains were removed from the skulls and placed in 4% paraformaldehyde for 24 h at 4 ° C, followed by 20% sucrose for 24 h at 4 ° C. Brains were then frozen over dry ice and sectioned on a Microm HM 500 OM cryostat at 40 m. Free-floating sections were put into 12-well plates containing cold Phosphate Buffered Saline (PBS) until used for AVT immunohistochemistry (not more than two weeks).
Histology
Sections from all brains were run together using the same antibody. All wells were rinsed in fresh cold PBS for 20 min and then placed into 3% H 2 O 2 /methanol mixture (3: 1) for 25 min. After rinsing in cold PBS for 30 min, sections were blocked in 2% normal goat serum and 9% avidin in PBS with triton-X for 1 h. After rinsing for another 30 min, slices were incubated with rabbit antivasopressin primary antibody at 4 ° C (MP Biomedicals, formerly ICN Biomedicals, 1: 5000). This antibody has been used in several non-mammalian species with success (see Boyd et al., 1992; Marler et al., 1999) . After 48 h, sections were again rinsed in cold PBS for 30 min and then treated with goat anti-rabbit secondary antibody for 1 h (Vector, 1: 1,000). Sections were rinsed, then put into ABC (Vectastain Elite), rinsed again, and processed with diaminobenzadine. After rinsing in cold PBS overnight, sections were mounted onto slides and coverslipped.
Stereology
In preliminary studies using intact animals, it was determined that three main regions show AVT-ir in these two lizard species. These areas (POA, BNST, and AH) were defined in extensive previous research on the neuroendocrinology and neuroanatomy of these and related species (Young et al., 1994; Crews, 2005) . Sections containing the POA had a distinct anterior commissure, complete optic chiasm, and usually BNST cells. The AH included cell bodies that were caudal to the anterior commissure, but in the same horizontal plane as POA cells.
Slides were coded so that the researcher was blind to the animal's group. The number of AVT-ir cells was counted using Stereo Investigator (Microbrightfield, Williston, VT). Following Woolley et al. (2004) , cell numbers were estimated by counting every cell on every section in which the nucleus was evident, since the extremely small size of the lizard preoptic area and the concentration of the AVT-ir cells in a small periventricular zone make more sophisticated counting techniques unsuitable. For those slides on which the quality of the tissue processing or the staining did not permit this exhaustive counting procedure, the individual was not included in our analysis.
Fiber Density Analysis
The density of AVT immunoreactive fibers in the preoptic area was estimated by comparing the optical density of the fiberrich zone with adjacent areas of the preoptic area devoid of fibers. Images were captured on a Leica microscope attached to a Dell computer under constant illumination and camera settings for all brains. Resulting images were analyzed using ImageJ software (Abramoff et al., 2004 ) on a Macintosh G4. ImageJ was used to delineate an area of interest corresponding to the fiber tracts or to adjacent control areas, and to measure the optical density in comparison with a Kodak step tablet (Rasband, 1997 (Rasband, -2005 .
Data Analysis
Estimated cell numbers from all individuals were analyzed in a three-way (sex ! hormone ! species) ANOVA, and planned comparisons between testosterone and blank-implanted animals were conducted using the GLM procedure of the SAS program on the University of Texas Windows Server. Effect size was also determined to measure the magnitude of treatment effects. Cohen's d is a standardized difference between means of the experimental and control group and is independent of sample size (Cohen, 1988 ). An effect size of 0.2 is equivalent to Cohen's standard SMALL and indicates that the mean of the treated group is at the 58th percentile of and sharing 85% overlap with the untreated group. An effect size of 1.7 is equivalent to Cohen's standard LARGE and indicates that the mean of the treated group is at the 95.5 percentile and sharing 25% overlap of the untreated group.
Results
Distribution of AVT-ir Cell Bodies and Fibers
Arginine vasotocin immunoreactive cell bodies were located in the periventricular and medial POA, AH, BNST, and supraoptic nucleus ( fig. 1 ) . While AVT-ir fibers co-existed with the cell bodies in these areas, fibers were also observed in areas lacking cell bodies such as the nucleus accumbens, lateral septum, and torus semicircularis; in the POA, a prominent lateral projection, apparently arising from the AVT-ir cell bodies in the PvPOA, and a more rostroventrally oriented tract of fibers passing approximately through the region of the SO was also apparent ( fig. 1 ).
AVT Expression in the POA
An overall effect of hormone was revealed by the three way ANOVA (F = 4.34, df = 1, p ! 0.04), with testosterone-individuals having more AVT-ir cells in the preoptic area than blank-implanted animals. None of the other main effects or interactions were significant. Although the group-means were higher for the testosterone-implanted group in every case, planned comparisons of testosterone-implanted versus blank-implanted animals within each species/sex group revealed that the effect of testosterone treatment was statistically significant only in the female C. inornatus ( p ! 0.04) ( fig. 2 ) and virago C. uniparens ( p ! 0.05) ( fig. 3 ) . The effect sizes for these two comparisons were medium and high, respectively (table 2). In neither male C. inornatus nor parthenoform C. uniparens was the increase significant.
No differences between any groups were detected in the density of AVT immunoreactive fibers in the POA.
AVT Expression in the AH and BNST
In both species of whiptail lizards, implantation with testosterone failed to cause a significant increase in the number of AVT-ir cells in the AH or BNST. There was no significant difference in AVT immunoreactivity between gonadectomized, blank-implanted male and female C. inornatus , or similarly treated viragos and parthenoforms ( table 1 ). 
Discussion
Our results are consistent with the conclusion that sexual dimorphisms in AVT distribution are determined largely by circulating androgen levels, rather than by hormonal effects determined by gonadal sex during development, or by sexual genotype. In both species and in both gonadal sexes the effect of testosterone was to increase AVT expression in the preoptic area, although statistically significant increases were detected only in the gonadally female C. inornatus and the gonadally male C. uniparens (viragos) . Neither the effect of sex or species approached statistical significance in the ANOVA, nor was there an interaction between sex and hormone, suggesting that both males and females will express maletypical levels of AVT if exposed to male-typical levels of testosterone. Although species differences exist in the localization of immunoreactive AVT-containing cell bodies and fibers in the brain of nonmammalian vertebrates, in all species studied to date AVT-ir and/or AVT mRNA is found in the nucleus accumbens, supraoptic nucleus, preoptic area, septum, nucleus of the stria terminalis, and the torus semicircularis (fish: Foran and Bass, 1998; Godwin et al., 2000; Parhar et al., 2001; Semsar and Godwin, 2003; amphibians: Boyd, 1994a; Lowry et al., 1997; reptiles: Goossens et al., 1979; Stoll and Voorn, 1985; Thepen et al., 1987; Smeets et al., 1990; Propper et al., Adult Cnemidophorus inornatus males and females were gonadectomized and implanted with an empty (B) or testosterone-filled (T) silastic capsule. Cnemidophorus uniparens were treated in ovo with either aromatase inhibitor (virago) or ethanol (parthenoform), then gonadectomized in adulthood and implanted with an empty or testosterone-filled silastic capsule. Average number of cells in each brain area indicated with standard error. Number of brains with total number of sections containing AVT-ir cells are indicated in the last column. 1992; birds: Kiss et al., 1987; Viglietti-Panzica et al., 1994; Jurkevich et al., 1996 Jurkevich et al., , 1997 Jurkevich et al., , 1999 Jurkevich et al., , 2001 Panzica et al., 1998 Panzica et al., , 2001 Kimura et al., 1999; Grossmann et al., 2002) . A similar distribution of AVT-ir cell bodies and fibers was found in the brain of both whiptail lizard species. Arginine vasoctocin-ir containing cell bodies were located in the periventricular and medial POA and anterior hypothalamus, areas that also express high concentrations of PR, but also contain ER-and AR-expressing neurons in whiptail lizards (Young et al., 1994) . The AVT-ir cell bodies in the BNST formed a prominent, wing-like constellation across the lateral preoptic and hypothalamic region. The supraoptic nucleus (SO) contained dense AVT-ir fiber innervation and, in some sections, also contained some cell bodies; this area also contains neurons expressing ER (Young et al., 1994) . This coincidence of AVT-ir and ER in the SO has also been reported by Propper et al. (1992) for the green anole lizard (Anolis carolinensis) . In this species the concentration of AVT within this nucleus varied with ovarian state, being highest in females having large preovulatory follicles. AVT-ir fibers were located in the nucleus accumbens, an area that also contains both PR-and AR-labeled cells (Young et al., 1994) . There was also robust fiber staining in the lateral septum and in the torus semicircularis, areas that also contain AR-labeled cells and ER and PR expressing neurons, respectively.
Sexual dimorphisms have been reported in the distribution and density of AVT containing neurons, in the intensity of AVT-ir staining, or in the distribution of AVT mRNA containing cells in fish (Foran and Bass, 1998) , amphibians (Boyd et al., 1992; Boyd, 1994a) , reptiles (Stoll and Voorn, 1985; Thepen et al., 1987; Smeets et al., 1990; Propper et al., 1992) and birds (Voorhuis et al., 1988; Viglietti-Panzica et al., 1994; Jurkevich et al., 1997 Jurkevich et al., , 1999 Jurkevich et al., , 2001 Aste et al., 1998; Kimura et al., 1999; Panzica et al., 2001; Grossmann et al., 2002) . A similar dimorphism was found in the sexual species of whiptail lizard, C. inornatus . In amphibians (Boyd, 1994a; Moore et al., 2000) and birds (Voorhuis et al., 1988; Viglietti-Panzica et al., 1994; Kimura et al., 1999; Panzica et al., , 2001 ) these dimorphic patterns of distribution are modulated by androgen, either acting directly or via conversion to estrogen. Further, these dimorphisms appear early in life (Robinzon et al., 1992; Boyd, 1994b; Aste et al., 1998; Panzica et al., 1998 Jurkevich et al., 1999 Jurkevich et al., , 2001 . Cnemidophorus uniparens were treated in ovo with aromatase inhibitor (virago) or ethanol (parthenoform), then gonadectomized in adulthood and implanted with an empty (B) or testosterone-filled (T) silastic capsule. An effect size of 0.2 is equivalent to Cohen's standard SMALL and indicates that the mean of the treated group is at the 58th percentile and sharing 85% overlap of the untreated group. An effect size of 1.7 is equivalent to Cohen's standard LARGE and indicates that the mean of the treated group is at the 95.5 percentile and sharing 25% overlap of the untreated group.
Our results suggest that the AVT systems in two closely related species of whiptail lizards (C. inornatus and C. uniparens) respond to exogenous testosterone treatment in adulthood. Comparison of gonadectomized, blankimplanted male and female C. inornatus indicate a possible dimorphism in levels of AVT-ir. When C. inornatus are gonadectomized as adults, testosterone treatment increased the number of AVT-ir neurons in both sexes to comparable levels.
Among individuals that had been treated prenatally with aromatase inhibitor and consequently having a male phenotype (viragos), testosterone treatment increased AVT-ir neuron numbers in the POA compared to blankimplanted viragos. Sexual differentiation may not be attributed solely to the actions of sex hormones, as there is evidence to suggest that genetic sex may also influence neural phenotypes (reviewed in Arnold et al., 2003) . For example, genetically mutated male mice lacking Sry, the gene that initiates testes formation, on their Y chromosome, but having an Sry transgene on an autosomal chromosome (XY -Sry) have a higher density of vasopressin (AVP) fibers in the lateral septum than do males with two X chromosomes and Sry autosomal expression (XX + Sry).
Similarly, female mice with a Y chromosome lacking Sry (XY -) have a higher density of AVP fibers than normal females (XX) (De Vries et al., 2002) . These results suggest that the presence of a Y chromosome alone may influence AVP expression. The present results do not support an involvement of genetic sex in AVT expression in these species or the endocrine history of the individual (developing as a male vs. a female), but do support the interpretation that the presence of testosterone in the circulation at the time determines AVT abundance.
In conclusion, our results indicate a simple, activational hormonal effect of testosterone on the AVT system of whiptail lizards, which is also independent of neuroendocrine history or genetic sex, and point to the whiptail lizard as a valuable resource in the understanding of such genetic influences on brain development.
